1. INTRODUCTION {#s1}
===============

Cadmium (Cd) is a rare metallic element and its natural occurrence in the environment is always low (\< 1 mg kg^−1^; [@R185]). High levels of Cd in soils mostly result from anthropogenic activities ([@R112]; [@R185]). Major sources are mining, smelting, metal plating, waste disposal, and the application of phosphate fertilizers ([@R112]; [@R185]). In the past decades, Cd contamination of soils has been extensively investigated ([@R28]; [@R32]; [@R130]; [@R152]). It has been reported that Cd concentrations in contaminated soils can be 1--3 orders of magnitude higher than in uncontaminated soils. For example, a study from Southeast Asia found that the maximum concentration of Cd in paddy soil samples collected from an actively Zn-mineralized area was as high as 284 mg kg^−1^, nearly 1900 times greater than the background soil Cd concentration of 0.15 mg kg^−1^ ([@R152]).

Cadmium in soils is more readily bioavailable for plant uptake than other contaminant metals such as Cu, Mn, Ni, Pb, and Zn ([@R112]; [@R132]). Therefore, low Cd concentrations in soils may also result in a high Cd uptake by plants ([@R93]). Although a biological function for Cd in diatoms has already been demonstrated ([@R86]), it is generally recognized that Cd is a nonessential trace element for plant growth. More exactly, Cd can be toxic to plants even at low concentrations. For example, it was reported that a soil Cd concentration as low as 2.5 mg kg^−1^ in (soil pH = 6.7) caused toxicity in wheat (*Triticum aestivum*) and soybean (*Glycine max*) ([@R62]). The Cd-induced primary physiological effects on plants include a reduction in photosynthesis, inhibition of N-metabolism, and a decrease in water and mineral uptake ([@R142]; [@R154]).

Cadmium is also known to be harmful to human health. Chronic Cd exposure can give rise to various diseases ([@R185]). One of the most known is osteomalacia combined with renal dysfunction, known as Itai-Itai disease ([@R71]). Furthermore, Cd has been classified as a human carcinogen ([@R27]). Human intake of Cd can be through food consumption, smoking, and occupational exposure ([@R185]). For most people, however, soil-crop-human is the most important exposure pathway. It follows that elevated concentrations of Cd in agricultural soils will greatly increase the risk of human exposure to Cd ([@R112]). Numerous surveys have shown that the levels of Cd in some foods grown on soils with Cd contamination have always exceeded regulatory health limits ([@R36]; [@R88]; [@R177]; Williams et al., 2009). For example, in an extensive province-wide survey conducted in China, Williams et al. (2009) found that 65 % of all field rice from mine-impacted areas failed to meet the national food standard for Cd. This critical environmental issue has already led to mounting public concerns and therefore highlights an urgent need for a continuing effort to clean up Cd-contaminated soils.

There are a number of ways to reduce Cd contamination in soils. The most commonly used methods are excavation and landfill, soil incineration, soil washing and vitrification, leaching, and electroreclamation. These nonbiological remediation technologies in addition to being expensive are disruptive to the surrounding environment, although they tend to be efficient ([@R33]). As an emerging technology, Cd phytoextraction, the use of plants to remove Cd from contaminated soils, has attracted tremendous attention since the 1990s, due to its potential low cost, environmental sustainability, and effectiveness ([@R33]).

Research and application of phytoextraction technology for cleanup of Cd-contaminated soils over the past 10 years has provided much useful information that can be used to design effective remediation schemes and project further improvement. The aim of this article is to review the literature concerning phytoextraction of Cd-contaminated soils thereby giving a strong foundation for understanding the present status and future challenges of Cd phytoextraction. Here we focus on both laboratory and field-scale studies that have been conducted to assess or improve the Cd-phytoextraction potential of various plant species. Although a better understanding of the molecular mechanisms underlying Cd tolerance and accumulation in plants is considered as a promising long-term strategy to improve Cd phytoextraction, the fruitful progress in this aspect will not be discussed here, as it has been reviewed recently by others ([@R171]; [@R202]).

2. CADMIUM ACCUMULATION IN FIELD-SAMPLED PLANT MATERIALS {#s2}
========================================================

Although the term *phytoextraction* is relatively new, the basic concept of phytoextraction is older ([@R137]). It came originally from the discovery of unusual accumulation of Ni in field-collected plant samples ([@R10]; [@R20]; [@R24]). For Cd phytoextraction, many research groups around the world have therefore conducted field surveys in the past decade to screen potential Cd-accumulating plant species. These surveys have found that Cd concentrations in field-sampled plant materials vary widely. The shoot Cd observed in hyperaccumulators can be in the 1000 s mg kg^−1^ dry weight (DW; [@R8]; [@R11]), whereas those of nonaccumulators are frequently \<10 mg kg^−1^ ([@R30]). Caution is needed in the interpretation of these data: (a) it is always somewhat uncertain whether all high shoot Cd observed in plants occurring on mining sites represent genuine Cd-accumulating capacities of the plant species owing to the fact that it is difficult to remove airborne Cd in dusts on plant surfaces ([@R11]); and (b) most importantly, the phytoextraction potentials of most Cd-accumulating plant species recognized through these field surveys have been assessed by means of pot or field experiments, which are discussed in the following sections.

3. CADMIUM REMOVAL BY POT-GROWN PLANT SPECIES {#s3}
=============================================

It is easy to understand why a pot experiment in a glasshouse is needed as a preliminary before putting a phytoextraction scheme into practice, although the results obtained under controlled laboratory conditions cannot be directly extrapolated to field conditions ([@R145]). Because many pot experiments have been conducted to assess or improve the Cd phytoextraction potential of various plants species, in this section we not only focus on the Cd removal capacity of different types of plant species, but also focus on the effects of major approaches that have been used to improve Cd phytoextraction. Unless otherwise stated, the Cd removal capacities (expressed as percentages on an annual basis) presented in this section have been calculated as follows based on the data available from literature: % Cd removal = (Cd concentration in shoot × shoot biomass)/(total Cd concentration in soil × soil weight) × 100.

It should be noted that the initial Cd concentration in soils is an important factor determining % Cd removal by plant species. In this article, comparisons were made between various % Cd removals observed in soils with a wide range of Cd concentration. This kind of comparison is therefore possible to be biased in some manner. However, these comparisons are reasonable and useful to attain general but critical information for future studies, especially considering that they were made with relatively large datasets (*n* \> 80).

3.1 The Efficiency of Different Herbaceous Species {#s4}
--------------------------------------------------

To date, most heavy metal hyperaccumulators identified are grasses. So, it is not surprising that many researchers have paid much attention to herbaceous species. In the past 10 years, more than 160 herbaceous species have been investigated for their abilities to extract Cd from soils, by means of pot experiments. Most of these studies have come from Asia. In a large-scale pot experiment, a Japanese research group assessed the Cd-accumulating capacities of 101 herbaceous species ([@R1]). More recently, in another pot experiment from Asia, the Cd-accumulating characteristics of 24 weed species were investigated to screen plants useful in Cd phytoextraction ([@R181]).

The calculated Cd removal percentages of herbaceous test species vary widely from 0.004% to 38.8% ([@R14]; [@R85]). The maximum value so far observed is in a high Cd-accumulating eco-type (Ganges) of the well-known Cd hyperaccumulator *Thlaspi caerulescens* ([@R85]). However, it should be noted that some newly identified Cd-accumulating species (but not ranked as Cd hyperaccumulators) have also shown excellent capacities for extracting Cd from soils. For example, *Glycine max* is able to remove as much as 19.7% of the total amount of soil Cd ([@R119]). Listed in [Table 1](#T1){ref-type="table"} are the herbaceous species that have been reported to be capable of extracting \>5% of the total Cd in soils. Here, \>5% is selected as a threshold value because it means that the plant can remove 50% of the total Cd in soil within 15 years ([Figure 1](#F1){ref-type="fig"}), assuming the Cd removal percentage would not change over time ([@R113]; [@R201]). If the Cd removal potentials of these plant species ([Table 1](#T1){ref-type="table"}) can be realized in practice, they can all be considered as promising candidates for large-scale Cd phytoextraction. It has been proposed that a realistic goal for phytoextraction is to reduce concentrations of heavy metals in contaminated soils to acceptable levels within a reasonable time span (\<20 years; [@R68]). A 50% reduction in total soil Cd indicates that the greater proportion of bioavailable Cd in soil will be removed as the most bioavailable fraction of Cd always accounts for \<50% of the total soil Cd ([@R15]; [@R105]; [@R132]).

![Calculated % Cd remained in soil after phytoextraction for years by various plant species that have different Cd removal percentages (RP; on yearly basis).](best42_2113_f1){#F1}

###### 

List of pot-grown herbaceous species that have been found to be able to remove \>5% (on yearly basis) of total soil Cd in a pot

  Plant species                     Type of species       \% Cd removal   Reference(s)
  --------------------------------- --------------------- --------------- ------------------------------------------------------------------------------------------------------------------------------
  *Thlaspi caerulescens*            Hyperaccumulator      7.06--38.8      Perronnet et al. (2000), [@R101], [@R124], [@R23], Fischerová et al. (2006), [@R175], [@R85], Fuksová et al. (2009), [@R131]
  *Glycine max* (cv. Suzuyutaka)    Nonhyperaccumulator   11.8--19.7      Murakami et al. (2007)
  *Crassocephalum crepidioides*     Nonhyperaccumulator   13.3--19.5      Yamato et al. (2008)
  *Oryza sativa* (cv. Milyang 23)   Nonhyperaccumulator   7.17--15.3      [@R119]; [@R120])
  *Oryza sativa* (cv. Nipponbare)   Nonhyperaccumulator   5.28--9.02      Murakami et al. (2007)
  *Sedum alfredii*                  Hyperaccumulator      8.97            Sun et al. (2009)
  *Arabidopsis halleri*             Hyperaccumulator      7.66            Wieshammer et al. (2007)
  *Thlaspi praecox*                 Hyperaccumulator      7.27            Pongrac et al. (2009)
  *Glycine max* (cv. Enrei)         Nonhyperaccumulator   5.97--7.01      Murakami et al. (2007)
  *Zea mays*                        Nonhyperaccumulator   7.00            Hernández-Allica et al. (2008)
  *Brassica napus* var. oleifera    Nonhyperaccumulator   5.50            Hernández-Allica et al. (2008)

*Note.* \>5% is designated as a threshold value because it means that the plant species can extract 50% of total Cd in soil within a reasonable time span (15 years), assuming the % Cd removal would not change over time.

In general, the major factors affecting the efficiency of Cd removal by pot-grown plants are type of plant species, Cd level in soil, the source of soil Cd, and soil pH ([@R52]; [@R175]; [@R196]; [@R85]). Based on the data available from literature we have attempted to quantify the effects of these factors. Comparisons between plant groups for these factors were performed using nonparametric Mann-Whitney *U* tests. It was found that the average % Cd removal by hyperaccumulators was about 3 times higher than that of nonhyperaccumulators ([Figure 2A](#F2){ref-type="fig"}; Mann-Whitney, *n*~1~ = 29, *n*~2~ = 90, *p* \< .001). This result appears to justify the great eagerness of many researchers to screen Cd hyperaccumulators. When soils with \<10 mg kg^−1^ Cd were defined as slightly to moderately contaminated soils ([@R201]), the average % Cd removal of the plant species grown in these soils was nearly 4 times of that in heavily contaminated soils (\>10 mg kg^−1^; [Figure 2B](#F2){ref-type="fig"}; Mann-Whitney, *n*~1~ = 61, *n*~2~ = 58, *p* \< .001). According to these results, soil Cd level seems to be almost as important as type of plant species in determining the % Cd removal by pot-grown plant species. Cadmium is always more bioavailable in spiked, artificial soils than in anthropogenically contaminated soils ([@R132]; [@R163]). However, we have found that the average % Cd removal by plant species grown in spiked artificial soils was 1.7 times lower than that in anthropogenically contaminated soils ([Figure 2C](#F2){ref-type="fig"}; Mann-Whitney, *n* ~1~ = 67, *n*~2~ = 52, *p* \< .01). This unexpected result may be largely explained by the result of a further Mann-Whitney *U* test on the dataset which showed that the average concentration of total Cd in spiked artificial soils used in the pot experiments was 15 times higher (*n*~1~ = 67, *n*~2~ = 52, *p* \< .001) than that in the anthropogenically contaminated soils used (data not shown). Overall, the plant species performed better in acidic soils (pH \< 7) than in alkaline soils (pH \> 7), resulting in a 1.6 times higher % Cd removal ([Figure 2D](#F2){ref-type="fig"}; Mann-Whitney, *n*~1~ = 81, *n*~2~ = 38, *p* \< .01). We propose that this result is likely to be attributed to the relatively high Cd bioavailability in the acidic soils ([@R114]; [@R196]).

![Response of % Cd removal (*M ± SE)* of pot-grown herbaceous plant species to effects of type of plant species (A), total Cd concentration in soil (B), source of soil Cd (C), and soil pH (D). \*\* *p* \< .01. \*\*\* *p* \< .001 (Mann-Whitney *U* tests).](best42_2113_f2){#F2}

3.2 The Efficiency of Different Woody Species {#s5}
---------------------------------------------

Woody species are typical of high-biomass plants and their potential use in Cd phytoextraction has recently received increasing attention ([@R39]; [@R133]; [@R144]). They are therefore worthy of a specific discussion here. Given the long life cycle of most woody species, they are generally considered to be unable to evolve rapidly enough to adapt to heavy metal--contaminated sites. For this reason, it has been presumed that few trees have developed a capacity to tolerate and accumulate Cd ([@R133]). In the past decade, only about 20 woody species have been pot-grown to test their capacities to extract Cd from soils. Unlike those focusing on herbaceous species, most of these studies came from Europe. The most extensively investigated species are some fast-growing trees belonging to the genera *Salix* and *Populus* ([@R116]; [@R117]; [@R133]; [@R189]). In addition, it should be noted that an Australian research group has explored the Cd accumulating capacities of 6 *Salix* spp., and 2 *Populus* spp. for selection of Cd accumulator species ([@R41]).

Based on the data presented in literature, the % Cd removals by eight species were able to be calculated accurately ([Table 2](#T2){ref-type="table"}). The maximum value (11.2%) was recorded in *Salix × smithiana* ([@R174]), being nearly 2.5 times lower than that of herbaceous species ([Table 1](#T1){ref-type="table"}). Furthermore, only three species were found to be capable of extracting \>5% of the total soil Cd in pots ([Table 2](#T2){ref-type="table"}). This result may partly be explained by two possible reasons. First, as mentioned previously, the number of woody species tested is still small. Secondly, the growth of woody species tends to be more heavily inhibited by the limited soil volume in pots, compared with that of herbaceous species ([@R6]). It is therefore proposed that the phytoextraction potential of woody species deserves further investigation, especially when considering that there has been some evidence showing that some woody species from uncontaminated sites also can accumulate Cd to relatively high levels ([@R41]; [@R133]).

###### 

List of pot-grown woody species whose % Cd removals (on yearly basis) could be calculated accurately on the basis of data presented in literature

  Plant species                         \% Cd removal   Reference
  ------------------------------------- --------------- ----------------------------
  *Salix* × *smithiana* (S-150 clone)   11.2            Vysloužilová et al. (2003)
  *Salix dasyclados*                    8.10            Fuksová et al. (2009)
  *Populus nigra × maximoviczii*        1.06--5.17      Komárek et al. (2008)
  *Salix alba* (S-141 clone)            0.90            Vysloužilová et al. (2003)
  *Salix viminalis* (78198 clone)       0.81            Sell et al. (2005)
  *Salix viminalis* (Arresoe clone)     0.02--0.54      Jensen et al. (2009)
  *Populus canadensis*                  0.41            Sell et al. (2005)
  *Salix dasyclados*                    0.02            Fuksová et al. (2009)
  *Paulownia tomentosa*                 0.003           Doumett et al. (2008)

3.3 The Effect of Soil Amendments {#s6}
---------------------------------

It must be noted that the % Cd removals presented previously in the two subsections were obtained without any soil manipulation or amendment. The idea of using soil amendments to increase the concentration of bioavailable heavy metals in soils and subsequently facilitate the metal uptake by phytoextractors was originally inspired by studies on plant nutrition ([@R107]). This approach has frequently been proven efficient in Pb phytoextraction ([@R68]; [@R84]; [@R150]). However, its efficacy in Cd phytoextraction is always less certain which is largely due to the fact that Cd in soils is usually readily bioavailable ([@R49]; [@R143]; [@R159]; [@R162]).

In the past decade, more than 10 different chelating agents have been used to enhance Cd removal by pot-grown plant species ([Table 3](#T3){ref-type="table"}). These chelators can broadly be classified into two major groups: synthetic chelants and natural compounds ([@R1]; [@R125]). The former can be further divided into nonbiodegradable (e.g., EDTA and DTPA) and biodegradable (e.g., EDDS and NTA) subgroups, whereas members of the latter group (e.g., citric acid and oxalic acid) all tend to show a high biodegradability ([@R1]; [@R114]; [@R125]). Due to their lower environmental risks compared with nonbiodegradable ones, biodegradable chelators have recently received increasing attention ([@R1]; [@R125]; [@R161]).

###### 

Examples of pot experiments using chelate to improve % Cd removal of plant species

  Chelate         Dose (mmol/kg soil)   Plant species           \% Cd removal   Increase/decrease factor\*   Reference
  --------------- --------------------- ----------------------- --------------- ---------------------------- -----------------------------
  EDTA            3                     *Phaseolus vulgaris*    1.40            40.5                         Luo et al. (2006)
  EDDS            5                     *Phaseolus vulgaris*    1.10            17.4                         Luo et al. (2007)
  DTPA            5                     *Sedum alfredii*        N.D.            1.30                         Liu et al. (2008)
  Glutamic acid   10                    *Paulownia tomentosa*   0.007           1.00                         Doumett et al. (2008)
  Citric acid     8                     *Sedum alfredii*        17.5            0.95                         Sun et al. (2009)
  Gallic acid     10                    *Brassica juncea*       N.D.            0.74                         do Nascimento et al. (2006)
  Tartrate        10                    *Paulownia tomentosa*   0.005           0.61                         Doumett et al. (2008)
  Vanillic acid   10                    *Brassica juncea*       N.D.            0.49                         do Nascimento et al. (2006)
  Oxalic acid     10                    *Brassica juncea*       N.D.            -0.14                        do Nascimento et al. (2006)
  HEDTA           1.8                   *Helianthus annuus*     0.84            -0.59                        Chen and Cutright (2001)

*Note.* For the increase/decrease factor, the maximum value for each chelate is presented. N.D. = no data.

The extent of Cd solubilization by chelators follows the order of the stability constants of chelating complexes generated from the chelators and the Cd^2+^ cation ([@R1]; [@R145]). It has typically been found that the stability of complexation of Cd with various chelating agents is in decreasing order: EDTA \> HEDTA \> DTPA \> EDDS \> NTA \> citric acid \> oxalic acid \> acetic acid ([@R19]; [@R1]; [@R145]). Theoretically, the efficiency of these chelants in enhancing Cd phytoextraction should therefore follow this order. As expected by this theoretical prediction, many studies have found that EDTA is the most efficient chelant ([@R1]; [@R103]; [@R25]). However, there is some inconsistent evidence showing that EDDS or citric acid are more efficient than EDTA ([@R114]; [@R161]). [@R102]; [@R104]) found that the application of hot (90°C) EDTA (3 mmol kg^−1^) or EDDS (5 mmol kg^−1^) is able to improve the % Cd removal by *Phaseolus vulgaris* by a factor of 40.5 or 17.4, respectively ([Table 3](#T3){ref-type="table"}). These authors argued that these enhancements were probably attributed to the root damage resulting from the hot solutions, which allowed Cd to enter the root xylem easily. For the other chelators, however, they generally produced less than a 1.5× increment in % Cd removal ([Table 3](#T3){ref-type="table"}). In a worst-case scenario, the application of 1.8 mmol HEDTA per kg soil caused a 0.59× decrease in % Cd removal by *Helianthus annuus*, which was largely due to its high toxicity to the plant ([Table 3](#T3){ref-type="table"}; [@R26]).

When the applicability of chelant-enhanced Cd phytoextraction is taken into account, the % Cd removal by chelant-treated plants is more important than the increase/decrease factor \[(% Cd removal by chelant-treated plants/that of the control) − 1\] per se. However, this concern has always been little addressed in literature. Here, our statistical analysis based upon the available data from literature indicates that in most cases the % Cd removals by chelant-treated plants were \<5% ([Table 3](#T3){ref-type="table"}). The only one exception is the value (17.5%) recorded in a Cd hyperaccumulator *Sedum alfredii* that was treated with 8 mmol kg^−1^ citric acid ([@R161]). Taken together, the present results seem to suggest that the efficiency of the so far tested chelators is still insufficiently high to consider their large-scale applications in the field.

3.4 The Effect of Microorganisms {#s7}
--------------------------------

Another important approach to improve the % Cd removal by plant species considers plant-microbe interactions. The mutual relationships between plants and the associated microorganisms have long been recognized and are widely applied to promote plant growth for the production of food, fiber, biofuels, and key metabolites ([@R188]). The potential use of plant-microbe symbioses in Cd phytoextraction has received little attention until recently although its possible effects on the phytostabilization process have been well documented ([@R35]; [@R58], [@R59]; [@R90]).

Rhizosphere microorganisms can promote Cd phytoextraction through improving plant growth or by enhancing Cd accumulation by plants ([@R182]). Diverse mechanisms are involved in microorganism-assisted plant growth: (a) production of particular compounds such as siderophores, indole-3-acetic acid, 1-aminocyclopropane-1-carboxylic acid, and giberellic acid, which can directly affect plant metabolism ([@R70]; [@R82]; [@R135]); (b) improvement of plant nutrient acquisition by fixing N from atmosphere or liberating phosphorus from organic compounds ([@R21]; [@R82]); and (c) protection of plants from certain diseases by secreting diffusible or volatile antibiotics and toxins ([@R17]; [@R81]). On the other hand, rhizosphere microorganisms may play an important role in enhancing Cd accumulation by plants through two major processes: increasing the transport of soluble Cd into roots and facilitating the solubilization of nonbioavailable forms of Cd in soils by reducing soil pH, and synthesizing chelators (e.g., organic acids) and siderophores ([@R2]; [@R55]; [@R183]).

During the past few years, approximately 20 species of microorganisms have been used to improve the % Cd removal by pot-grown plant species. Based on the available data from literature, we have attempted to assess the efficiencies of these microorganisms by calculating the increase/decrease factor according to the following equation: increase/decrease factor = \[(% Cd removal by microorganism-treated plants/that of the control) − 1\]. Listed in [Table 4](#T4){ref-type="table"} are those microorganisms whose efficiencies could be calculated accurately. For a given species, the maximum value of its efficiency is presented when multiple values were obtained.

###### 

List of microorganisms capable of improving % Cd removal of pot-grown plant species

  Microorganism                 Type of microorganism   Plant species               \% Cd removal   Increase factor   Reference
  ----------------------------- ----------------------- --------------------------- --------------- ----------------- --------------------------
  *Glomus mosseae*              AMF                     *Zea mays*                  0.12            2.4               Usman and Mohamed (2009)
  *Bacillus* sp. RJ16           Bacteria                *Brassica napus*            0.03            1.4               Sheng and Xia (2006)
  *Paxillus involutus*          Fungus                  *Populus canadensis*        0.91            1.3               Sell et al. (2005)
  *Trichoderma atroviride* F6   Fungus                  *Brassica juncea*           \<0.21          1.2               Cao et al. (2008)
  *Pseudomonas* sp. RJ10        Bacteria                *Lycopersicon esculentum*   0.29            1.1               He et al. (2009)
  A mixture of AMF              AMF                     *Lolium multiflorum*        N.D.            0.86              Yu et al. (2005)
  *Glomus intraradices* PH5     AMF                     *Nicotiana tabacum*         0.37            0.85              Janoušková et al. (2005)
  *Hebeloma crustuliniforme*    Fungus                  *Populus canadensis*        0.67            0.63              Sell et al. (2005)
  *Pisolithus tinctorius*       Fungus                  *Populus canadensis*        0.63            0.54              Sell et al. (2005)
  *Candida ernobii*             Fungus                  *Zea mays*                  0.04            0.54              Usman and Mohamed (2009)
  *Glomus intraradices* BEG75   AMF                     *Nicotiana tabacum*         1.0             0.42              Janoušková et al. (2005)
  *Glomus caledonium*           AMF                     *Elsholtzia splendens*      0.02            0.12              Wang et al. (2005)

*Note.* For the increase factor, the maximum value for each species is presented. AMF = arbuscular mycorrhizal fungi; N.D. = no data.

The most widely investigated species are fungi, especially arbuscular mycorrhizal fungi (AMF; [Table 4](#T4){ref-type="table"}). This may be partly attributed to the fact that mycorrhizal fungi have been recognized as the only ones providing a direct linkage between soil and plant roots ([@R90]). Furthermore, it has been found that among the tested microorganisms an AMF species (*Glomus mosseae*) showed the highest efficiency (i.e., increase factor) in enhancing the % Cd removal by the pot-grown plant species ([Table 4](#T4){ref-type="table"}). [@R168] fully investigated the effect of microbial inoculation on the removal of heavy metal by high-biomass crops and demonstrated that an AMF species *G. mosseae* was able not only to promote the growth of *Zea mays* but also to increase Cd accumulation in this species, which led to a 2.4-fold higher % Cd removal in the fungus-inculcated individuals than in the control ones ([Table 4](#T4){ref-type="table"}). On the other hand, there is considerable evidence that bacteria were able to improve the % Cd removal by plants ([Table 4](#T4){ref-type="table"}). For example, [@R151] utilized the bacteria isolated from heavy metal--contaminated soils to enhance the Cd removal of *Brassica napus* and found that a bacterial strain *Bacillus* sp. RJ16 was capable of improving the % Cd removal of *B. napus* by a factor of 1.4. The authors also showed that this positive effect could be attributed to the bacteria-induced decrease in rhizosphere soil pH and production of indole-3-acetic acid. However, it must be noted that the % Cd removals by the microorganism-treated plants were too low (∼1%; [Table 4](#T4){ref-type="table"}) for efficient phytoextraction, which may be also applied to explain why few field trials have been conducted to explore the Cd removal efficiency of these plants.

4. FIELD APPLICATION OF CD PHYTOEXTRACTION {#s8}
==========================================

As research on Cd phytoextraction has gradually progressed from a laboratory stage toward field scale in recent years, a number of field trials have been carried out to obtain a more realistic estimate of the Cd phytoextraction potentials of candidate plants. On this basis, we have attempted to build up a good understanding of the practical applicability of Cd phytoextraction with a focus on the field-derived Cd removal efficiencies of various plants. Unless otherwise defined, the % Cd removals (on yearly basis) presented in this section were calculated according to the method proposed by [@R201].

4.1 The Most Important Factors Influencing Cd Removal Efficiency {#s9}
----------------------------------------------------------------

As discussed in the previous section (3.1), many results from laboratory studies have indicated that types of plant species, Cd concentration in soil, soil pH, and experimental duration are among the most important factors that may greatly influence the Cd removal efficiency of plants. However, to date, few field trials have been conducted to determine the effects of these important factors ([@R64]; [@R91]; [@R110]; [@R117]) and no study has taken into account all of these factors. In fact, for field trials, many contextual factors are site-specific and it is difficult to effectively manipulate factors such as soil Cd concentration and soil pH. Alternatively, using the data from literature, we made some statistical calculations to give an overview of the effects of these important factors on the Cd removal efficiencies of field-grown plants.

There has been debate about whether low-biomass hyperaccumulators are more effective than high-biomass nonhyperaccumulators in heavy metal phytoextraction ([@R25]; [@R44]; [@R111]). Here, our statistical analysis showed that the average % Cd removal of hyperaccumulators was approximately 1.9× as high as that of nonhyperaccumulators ([Figure 3A](#F3){ref-type="fig"}; Mann-Whitney, *n*~1~ = 9, *n*~2~ = 78, *p* \< .05). On the one hand this result seems to lend some support to the notion that hyperaccumulators tend to play a more important role in Cd phytoextraction than nonhyperaccumulators ([@R25]; [@R64]; [@R111]). On the other hand, it only reflects a general trend and does not exclude the possibility that in some cases nonhyperaccumulators can perform as well as or even better than hyperaccumulators (see [Table 5](#T5){ref-type="table"} and the relevant text to come).

![Response of % Cd removal (*M ± SE*) of field-grown plant species to effects of type of plant species (A), total Cd concentration in soil (B), soil pH (C), and experimental duration (D). ns = not significant. \**p* \< .05. \*\*\* *p* \< .001 (Mann-Whitney *U* tests).](best42_2113_f3){#F3}

###### 

List of field-grown plant species proven to be able to remove \>5% (on yearly basis) of total Cd in the top 20 cm soil layer

  Plant species                     Type of species         \% Cd removal   Reference
  --------------------------------- ----------------------- --------------- --------------------------
  *Thlaspi caerulescens* (Ganges)   Hyperaccumulator        10.9            McGrath et al. (2006)
  *Oryza sativa* (cv. Chokoukoku    ) Nonhyperaccumulator   10.9            Murakami et al. (2009)
  *Oryza sativa* (cv. Moretsu)      Nonhyperaccumulator     10.7            Murakami et al. (2009)
  *Oryza sativa* (cv. Moretsu)      Nonhyperaccumulator     8.13            Ibaraki et al. (2009)
  *Thlaspi caerulescens*            Hyperaccumulator        8.04            Hammer and Keller (2003)
  *Sedum plumbizincicola*           Hyperaccumulator        7.98            Liu et al. (2009)
  *Oryza sativa* (cv. Milyang 23)   Nonhyperaccumulator     7.86            Murakami et al. (2009)
  *Oryza sativa* (cv. IR8)          Nonhyperaccumulator     6.55            Murakami et al. (2009)
  *Oryza sativa* (cv. IR8)          Nonhyperaccumulator     5.57            Ibaraki et al. (2009)
  *Averrhoa carambola*              Nonhyperaccumulator     5.30            Li et al. (2009a)

*Note.* \>5% is designated as a threshold value because it means that the plant species can extract 50% of total Cd in soil within a reasonable time span (15 years), assuming the Cd removal rate would not change over time.

It has been proposed that phytoextraction is a promising technology to decontaminate soils with low to moderate metal concentrations rather than those heavily contaminated ([@R111]). In agreement with this statement, we found that the average % Cd removal of plants grown on slightly to moderately Cd-contaminated soils (\<10 mg kg^−1^) was 1.82%, being 42-fold higher than that of heavily contaminated soils ([Figure 3B](#F3){ref-type="fig"}; Mann-Whitney, *n*~1~ = 67, *n*~2~ = 20, *p* \< .001).

In contrast to the result of statistical analysis based on data from laboratory experiments ([Figure 2D](#F2){ref-type="fig"}), there was no significant difference in average % Cd removal between plants grown in acidic field soils and in base-rich, high pH field soils ([Figure 3C](#F3){ref-type="fig"}; Mann-Whitney, *n*~1~ = 63, *n*~2~ = 24, *p* \> .05). This inconsistent result suggests that soil pH may play a less important role in determining Cd removal efficiencies of plants at the field scale than at the laboratory scale, which is possibly attributed to the fact that in the field there are many other critical environmental factors affecting the soil Cd bioavailability ([@R46]; [@R170]).

In addition, it was unexpectedly found that the experimental duration (\<1 year vs. \>1 year) did not seem to significantly impact the Cd removal efficiencies of field-grown plants ([Figure 3D](#F3){ref-type="fig"}; Mann-Whitney, *n*~1~ = 45, *n*~2~ = 42, *p* \> .05). There are two possible reasons for this unexpected result. First, most field trials available were of much shorter duration than three years. In such a relatively short time span, the decline of the bioavailable Cd pool in soils may be not great enough to cause a significant decrease in Cd removal efficiency of the plants ([@R85]; [@R169]; [@R184]). Second, some plant species tend to show a higher % Cd removal in the second/third growing season than in the first, which may be attributed to their improved subsequent growth after they have acclimated to local environmental conditions ([@R91]; [@R117]).

4.2 The Most Promising Plant Species for Cd Phytoextraction {#s10}
-----------------------------------------------------------

In the past decade, more than 60 plant species have been tested under field conditions to explore their potential for Cd phytoextraction. Among them, *T. caerulescens, Brassica juncea, H. annuus, Z. mays, B. napus*, and *Salix viminalis* are the most widely investigated species. Most of this kind of study has been conducted with a focus on comparing the % Cd removals of different cultivars/clones of the same species or different species within the same genus to screen superior plant varieties to extract Cd from soils ([@R100]; [@R117]; [@R122]).

There are certainly fruitful results from the field trials. However, perhaps the most important outcome is that some promising plant species for commercial Cd phytoextraction have been identified. The plant varieties that have been demonstrated to be able to extract \>5% of total Cd in top 20-cm soil layer (on an annual basis) are summarized in [Table 5](#T5){ref-type="table"}. There is strong evidence so far that the first known Cd hyperaccumulator *T. caerulescens* is one of the most promising candidates ([@R63]; [@R110]). An excellent case study was conducted by [@R110], who found that a superior Cd-accumulating race of *T. caerulescens* Ganges was able to remove 21.7% of the total soil Cd when it was grown for 14 months (i.e., the annual % Cd removal of Ganges plants could be as high as 10.9%; [Table 5](#T5){ref-type="table"}). Assuming a linear removal ([@R113]; [@R201]), only 6 years would then be needed for a crop of Ganges plants to reduce the total Cd in the soil to 50%. Such a short time-span is desirable for any commercial phytoextraction ([@R68]). In addition, the Cd-rich *T. caerulescens* produced from phytoextraction can be disposed by pyrolysis. It may allow the recovery of Cd and recycling of Cd-free bottom ashes as fertilizers ([@R80]). However, this species is susceptible to pests, weed competition, drought, and hot weather, which make it difficult to maintain *T. caerulescens* in the field ([@R7]; [@R78]; [@R170]). This is also a major practical problem facing most other potential phytoextractors. In the short term, there are two possible solutions to this problem. One is to get an extended knowledge of effective agronomic practices for phytoextraction ([@R170]). The other is to improve relevant agronomic characteristics of potential phytoextractors by screening outstanding phenotypes/populations/individuals ([@R147]). In the long term, improvements in potential phytoextractors' abilities to deal with various environmental stressors may be achieved through genetic engineering processes ([@R27]; [@R42]). Recently, a Japanese research group demonstrated that several Indica-type rice (*Oryza sativa*) cultivars were quite efficient in phytoextraction of Cd-contaminated soils ([@R69]; [@R121]). Among these cultivars, Chokoukoku is the most extreme example, as its annual % Cd removal also reached 10.9%. However, as noted by the authors, the use of rice for Cd phytoextraction highlights the environmental and health risks associated with this technology ([@R121]). The high Cd concentrations in phytoextractors (especially crop plants such as rice) may pose risks not only for soil microbes and animals in the surrounding areas, but also for residents ([@R169]). There are some recommended measures that can be taken to lower the risks, for examples, harvesting phytoextractors before leaf-fall or fruiting period, collecting as much plant litter as possible at intervals, preventing animals from reaching phytoextractors ([@R39]; [@R91]; [@R117]; [@R169]). In China, there are presently two plant species (i.e., *Averrhoa carambola* and *Sedum plumbizincicola*; [Table 5](#T5){ref-type="table"}) that have been proven to be able to remove \>5% (on yearly basis) of total Cd in the top 20 cm soil layer when grown in the field ([@R91]; [@R92]; [@R97]). At this point, it should also be kept in mind that the % Cd removals listed in [Table 5](#T5){ref-type="table"} were obtained under general field managements and without any additional soil manipulation. Therefore, there is a possibility that the Cd removal potentials of these plant varieties can be further improved in the future by optimizing agronomic practice and soil conditions ([@R179]; [@R201]).

It is apparent, however, that such a species list in [Table 5](#T5){ref-type="table"} does not tell the whole story. Phytoextraction of Cd with some *Salix* spp. has been in practice for many years in Europe, although their % Cd removals are lower than 5% ([@R39]; [@R64]; [@R117]). There are three major reasons for this unusual phenomenon. First, Europe has a long history of commercial exploitation of willows, which yields a well-established agronomic system for this and similar tree crops ([@R127]). Secondly, willows are high-biomass and fast-growing, which can produce profitable biomass within a relatively short time span and thereby provide the farmer/grower with an additional income ([@R39]; [@R127]). Third, the stricter environmental laws in Europe limit food production on contaminated lands ([@R48]), so that more lands can be available for remediation although a long cleanup time would be required to reach the remediation target. Nevertheless, it should be noted that the encouraging results mentioned above were all observed in slightly to moderately Cd-contaminated soils (\<10 mg kg^−1^) and the relevant field trials were conducted in Europe or Asia. These results, therefore, highlight (a) a unique opportunity for successful phytoextraction of slightly to moderately Cd-contaminated soils in Europe and Asia and (b) an urgent need for more research on Cd phytoextraction in other parts of the world, especially where soil Cd contamination is also among the major environmental problems.

4.3 The Dilemma for Chelant-Enhanced Cd Phytoextraction {#s11}
-------------------------------------------------------

Continued efforts have been made to determine the efficacy of chelant-enhanced Cd phytoextraction under field conditions, although a number of pot experiments have shown that this approach is not ready for full implementation. Likewise in pot experiments, the most widely investigated chelant in field experiments is EDTA. However, few data on the efficiencies of biodegradable chelants (especially EDDS) in the field are available, which may be at least partly due to the fact that most of this kind of chelant is still too expensive to be used at field scale now.

###### 

Examples of field experiments using chelant to improve % Cd removal of plant species

  Chelant   Dose (mmol/kg soil)   Plant species                          \% Cd removal   Increase/Decrease factor   Reference
  --------- --------------------- -------------------------------------- --------------- -------------------------- -------------------------------
  Sulfur    139                   *Helianthus annuus*                    0.62            3.00                       Kayser et al. (2000)
  NTA       8.40                  *Nicotiana tabacum*                    0.77            0.67                       Kayser et al. (2000)
  EDTA      6.00                  *Sedum alfredii*                       0.37            0.48                       Zhuang et al. (2007)
  EDTA      6.00                  *Vertiveria zizanioides*               0.90            0.38                       Zhuang et al. (2005)
  EDTA      6.00                  *Rumex patientia × timschmicus*        0.60            0.20                       Zhuang et al. (2007)
  EDTA      5.00                  *Salix caprea × cineria × viminalis*   0.10            0.11                       Maxted et al. (2007)
  EDTA      3.00                  *Zea mays*                             0.02            -0.28                      Neugschwandtner et al. (2008)
  EDTA      6.00                  *Zea mays*                             0.01            -0.54                      Neugschwandtner et al. (2008)
  EDTA      9.00                  *Zea mays*                             0.01            -0.62                      Neugschwandtner et al. (2008)

*Note.* Chelant is listed when both the % Cd removal of plant species and the efficiency of the chelant (increase/decrease factor) can be calculated using the data presented in literature.

Listed in [Table 6](#T6){ref-type="table"} are those field experiments in which the % Cd removal of plant species and the efficiency of the chelant (increase/decrease factor) can be calculated using the data presented in literature. Unfortunately, it was found that the chelants tested were much less efficient, compared with the results from controlled-environment experiments ([Table 3](#T3){ref-type="table"}). That is particularly the case for EDTA. Specifically, the increase/decrease factors of this chelant ranged from 0.48 to −0.62 ([@R123]; [@R204]), depending on the dose used and the identity of plants considered ([Table 6](#T6){ref-type="table"}). This means that EDTA can barely double the % Cd removals of those plants tested, even in a best-case scenario ([@R204]). By contrast, a relatively high increase factor has been observed for sulfur. [@R78] found that the addition of sulfur at a high dose was able to increase the % Cd removal of a high-biomass crop of *H. annuus* by a factor of 3 ([Table 6](#T6){ref-type="table"}).

A central dilemma facing chelant-enhanced Cd phytoextraction is how to improve efficiency. There are some examples in literature claiming that chelant-enhanced phytoextraction is a promising approach to clean up Cd-contaminated soils. However, we believe that this kind of statement is somewhat optimistic as presently available data showed that the % Cd removals of chelant-treated plants grown under field conditions are generally \<1% ([Table 6](#T6){ref-type="table"}). This follows that it would still take \>50 years for these plants to remove 50% of the total Cd from the soils ([Figure 1](#F1){ref-type="fig"}), assuming that the % Cd removal will not change over time ([@R113]; [@R201]).

Another important problem for chelant-enhanced Cd phytoextraction is how to reduce the potential ecotoxicological risks associated ([@R125]). As to nonbiodegradable chelants, they are per se of concern because they may endanger soil biota and leach down to groundwater and aquifers. In the case of EDTA, it has a negligible toxicity profile only when its concentration in an aqueous environment is \<2.2 mg L^−1^ (about 10 *µ*M; [@R61]). However, when applied to the field, the dose of EDTA is generally much higher than 1 mM (see [Table 6](#T6){ref-type="table"} for some examples). Considering that at best only about 10% of the EDTA added can be taken up by plants ([@R125]), an overwhelming majority of the EDTA applied remains in soils, presenting potentially high ecotoxicological risks. For all chelants, leaching of mobilized soil Cd down to groundwater seems to be unavoidable ([@R125]). There is evidence that, even in the best-case scenario, about 10% of the solubilized soil metal will be absorbed into plants ([@R101]; [@R164]). The remainder in soil readily leaches into receiving water ([@R145]). In summary, successful chelant-enhanced Cd phytoextraction is still a blue-sky vision.

4.4 A Comparison Between the Field and Laboratory Experiments {#s12}
-------------------------------------------------------------

It has long been recognized that the % Cd removals of plant species observed in pot experiments are always overestimates compared to those from field trials. However, little is known about the extent to which this kind of overestimation and how it will vary depending on plant species. We attempted to provide some general quantitative assessments for such kind of overestimation with the data from literature.

It is somewhat surprising that the most overestimated species was a Cd hyperaccumulator *Arabidopsis halleri.* In detail, when grown in pots the average % Cd removal of this species was 5.13%, which was 513× of that from the field trial ([Table 7](#T7){ref-type="table"}). This may be largely attributed to the extremely low biomass production of this species in the field ([@R110]). Another important reason for the large discrepancy probably relates to the heterogeneous nature of soil Cd contamination in the field ([@R39]; [@R139]). Both spatial and temporal variability in the distribution of contaminants would make it more difficult for some roots come into close contact with the contaminants, leading to a reduced uptake of the contaminants ([@R139]). In the only exceptional case, the average % Cd removal of pot-grown *Phaseolus vulgaris* was only about 50% of the value observed in the field trial ([Table 7](#T7){ref-type="table"}). For most other species, however, it was found that pot experiments always overestimated the average % Cd removals by approximately 10× compared with the values recorded in the field ([Table 7](#T7){ref-type="table"}). *Thlaspi caerulescens* and *Z. mays* are the strong examples for this pattern. A considerable number of pot and field experiments have been conducted with these two species (for references see [Table 7](#T7){ref-type="table"}) and so provide relatively large datasets for our statistical analysis. It should also be noted that most of our results mentioned previously are preliminary but can be useful indicators for future studies on Cd phytoextraction. They at least allow an estimation of the Cd phytoextraction potential of a candidate plant species under field conditions based on the data from pot experiments, thereby determining whether a species is worthy of field trialing. This is important, especially considering that field experiments are relatively expensive and time consuming compared to pot experiments.

###### 

Comparison of the % Cd removal of pot-grown plant species (RP~Cd-p~) and that of field-grown plant species (RP~Cd-f~)

  Plant species            RP~Cd-p~     RP~Cd-f~     RP~Cd-p~/RP~Cd-f~   Reference(s)
  ------------------------ ------------ ------------ ------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Arabidopsis halleri*    5.13 (3)\*   0.01 (1)\*   513                 Fischerová et al. (2006), [@R110], [@R184]
  *Sedum alfredii*         8.97 (1)     0.52 (2)     17.4                Wu et al. (2007), [@R204], [@R161]
  *Brassica juncea*        1.65 (6)     0.11 (1)     15.5                Keller et al. (2003), [@R158], [@R56], [@R134]
  *Brassica napus*         4.24 (5)     0.51 (4)     8.31                Soriano and Fereres (2003), [@R60], Hernández-Allica et al. (2008)
  *Zea mays*               1.01 (23)    0.12 (5)     8.20                Kayser et al. (2000), [@R101], [@R79], [@R31], [@R29], Komárek et al. (2007), [@R104], [@R119], [@R191], Hernández-Allica et al. (2008), [@R123], [@R94], [@R168], [@R200]
  *Helianthus annuus*      1.18 (5)     0.15 (1)     7.70                Kayser et al. (2000), [@R26], [@R118], [@R168]
  *Thlaspi caerulescens*   18.2 (18)    2.88 (7)     6.31                Perronnet et al. (2000), [@R63], [@R79], [@R146], [@R124], Fischerová et al. (2006), [@R110], [@R175], [@R190], [@R196], [@R108], [@R85], Fuksová et al. (2009), [@R131]
  *Oryza sativa*           9.97 (9)     7.19 (7)     1.39                [@R119]; [@R120]; [@R121]), [@R69]
  *Phaseolus vulgaris*     0.05 (2)     0.09 (1)     0.53                [@R29]), [@R102]; [@R104])

*Note.* Data in parentheses represent the number of experiments available.

5. CHALLENGES AND EMERGING INTERESTS {#s13}
====================================

The information presented previously suggests that there has been significant progress in the field of Cd phytoextraction over the past decade. However, there are challenges ahead and more fundamental studies are still needed to pave the way for commercial Cd phytoextraction. From a practical perspective, the most urgent challenges to be overcome include (a) how to further improve the efficiency of Cd phytoextraction, (b) how to cut the overall costs of Cd phytoextraction, and (c) how to get greater stakeholders' acceptance of Cd phytoextraction. There are emerging interests in addressing these challenges, which can be highlighted as following.

5.1 How to Further Improve the Efficiency of Cd Phytoextraction? {#s14}
----------------------------------------------------------------

Phytoextraction of Cd-contaminated soils has increasingly become a multidisciplinary topic. It would therefore benefit from the efforts of not only environmental scientists, but also biologists and agronomists. Discussed subsequently are major approaches that may be applied to further improve the efficiency of Cd phytoextraction.

### Natural or Transgenic High-Biomass Cd Hyperaccumulators {#s15}

Although several natural hyperaccumulators of Cd have so far been reported ([@R12]; [@R18]; [@R98]; [@R173]; [@R180]; [@R194]; [@R197]), there is no doubt that the lack of high-biomass Cd hyperaccumulators remains a major bottleneck in the development of commercial Cd phytoextraction ([@R25]). One classical way to gain such a desirable species is to screen naturally occurring high-biomass Cd hyperaccumulating plants in large-scale field surveys followed by experiments under controlled-environment conditions ([@R13]). The majority of the known hyperaccumulators of metals or metalloids are low-biomass plants. However, the phenomenon does not exclude the possibility that a combination of Cd hyperaccumulation and high-biomass can be found in the plant kingdom ([@R111]). It is worthy of emphasis that in future studies regarding identification of natural Cd hyperaccumulators more attention should be paid to high-biomass species. Another possible way to attain such a desirable species is to transfer the hyperaccumulation genes to high-biomass plants ([@R140]). Genetic engineering had earlier been considered as the best long-term strategy for improving heavy metal phytoextraction ([@R137]). Recent advances in understanding the molecular mechanisms underlying Cd tolerance and accumulation in plants have given researchers the ability to develop transgenic plants for Cd phytoextraction ([@R27]; [@R42]; [@R50]). There have been efforts to introduce the genes involved in sulfur metabolism, glutathione and phytochelatin synthesis, and metallothionein and adenosine triphosphate (ATP)--binding cassette transporter expression into high-biomass plants such as *B. juncea, Nicotiana tabacum*, and *Populus* spp. ([@R16]; [@R72]; [@R77]; [@R156]). When grown in pots or hydroponics, these transgenic plants often showed significantly higher Cd tolerance and shoot Cd than wild-type plants ([@R16]; [@R72]; [@R77]). However, the available pot experiments suggest that the % Cd removals of these transgenic plants are always \< 1.5% ([@R72]) and little information exists about their abilities to extract Cd from contaminated soils under field conditions. On the other hand, there is increasing evidence that genes (e.g., *HMA2* and *HMA4*) encoding metal pumps in the P-type ATPase superfamily are responsible for Cd hyperaccumulation in plants ([@R65]; [@R126]; [@R172]; [@R186]; [@R187]). In the future, therefore, more effort should be encouraged to address the possibility for further enhancing Cd phytoextraction via overexpression of these kinds of genes in high-biomass plants.

### Intercropping {#s16}

In the practice of agriculture, intercropping offers farmers the opportunity to achieve a greater yield per unit land area by growing two or more crops in proximity, whereby crops can make use of resources that would otherwise not be utilized by a single crop ([@R76]). From the perspective of phytoextraction, however, a major mechanism for enhancing phytoextraction by intercropping is that an intercropped hyperaccumulator can mobilize selected metals for a coplanted high-biomass nonhyperaccumulator ([@R57]). On the other hand, intercropping also can promote the growth of both cocropped plant species compared to monoculture cropping ([@R75]; [@R99]). In recent years, there has been increased interest in the role that intercropping may play in further improving Cd phytoextraction. Besides the typical Cd hyperaccumulator + high-biomass Cd accumulator intercropping systems such as *A. halleri + Salix caprea* ([@R184]), *S. afredii + Z. mays* ([@R99]; [@R191]), *T. caerulescens + Hordeum vulgare* ([@R57]), and *T. caerulescens + Salix dasyclados* ([@R54]), some high-biomass Cd accumulator + high-biomass Cd accumulator intercropping systems including *B. napus + Z. mays* ([@R149]) and *Medicago sativa + Z. mays* ([@R94]) have also been tested. The results obtained showed that the Cd hyperaccumulator + high-biomass Cd accumulator systems are always more efficient than high-biomass Cd accumulator + high-biomass Cd accumulator systems in extracting Cd from the soils. The most efficient intercropping system tested was *T. caerulescens + Salix dasyclados*, whose % Cd removal was 8.65%, being about 1.2× as high as that of a *T. caerulescens* monoculture ([@R54]). However, it should be noted that these studies, with one exception ([@R191]), were conducted in pots under controlled-environment conditions. For this reason, more field trials are needed to determine the real efficacies of various intercropping systems. Moreover, there is an important lesson from the previous studies that the Cd removed by hyperaccumulators often accounted for the majority (60--90%) of the total extracted by the intercropping systems ([@R54]; [@R191]). On this basis, it should be proposed that when considering the establishment of a successful intercropping system for enhancing Cd phytoextraction, one should attempt to enable a hyperaccumulator to achieve its maximum possible contribution in the system.

### Fertilization and Irrigation {#s17}

Proper management of fertilization and irrigation has long been recognized as one of the most efficient but easily achievable means to increase the yields of crops ([@R45]). There has been some evidence that fertilization with a single nutrient (e.g., nitrogen \[N\], phosphorus \[P\], potassium \[K\], and calcium \[Ca\]) or a combination of several nutrients can greatly improve the efficiency of Cd phytoextraction through promoting biomass yield or Cd content in plant shoot ([@R23]; [@R160]). It should be noted, however, that this kind of positive effect seems to be fertilizer form-, species- and site-specific. In the case of N fertilizer, supplying NO~3~^−^ is more efficient than supplying NH^+^~4~ in promoting the Cd phytoextraction by *T. caerulescens* ([@R146]; [@R192]), whereas the opposite is true for *H. annuus* ([@R199]). As to a given N fertilizer, its efficacy for a species is also dependent on the initial fertility of target soils ([@R23]; [@R146]). On the other hand, the effect of fertilization is closely related to irrigation. In a most recent study, [@R5] demonstrated that different irrigation strategies significantly affected the Cd accumulation in *O. sativa.* However, little attention has been paid to the impact of irrigation on the efficiency of Cd phytoextraction. Therefore, it can be deduced that in most cases the present management of fertilization and irrigation is far from ideal for the various candidate species for Cd phytoextraction ([@R179]; [@R201]). Elaborate and systematic studies especially under field conditions are needed to address the complex interactions between plant, fertilization, and irrigation practice, thereby identifying the optimal levels of fertilization and irrigation for each species concerned.

### Optimization of Root-Zone Temperature {#s18}

There has been documentary evidence that root-zone temperature seems to play a more critical role in determining plant growth than leaf temperature ([@R205]). By maintaining an optimal root-zone temperature, it is possible to gain greater yield of crops ([@R5]). On the other hand, the promoted root growth has been expected to in turn facilitate heavy metal uptake by plants because it tends to increase the root surface for heavy metal absorption ([@R153]). In the past decade, studies at laboratory and field-scale have shown that heavy metal accumulation in plants can indeed be increased significantly via manipulating root-zone temperature ([@R4]; [@R9]; [@R53]). However, little attention has been given to the possible usability of these positive effects of optimizing root-zone temperature in promoting heavy metal phytoextraction. This aspect is worthy of further study in the future, particularly considering that there are many easily achievable ways (e.g., covering the root-zone soil surface with plastic sheet or rice straw) to alter root-zone temperature.

### Optimization of Harvest Timing {#s19}

The timing of harvest is a critical aspect of agricultural production, as it impacts not only the yield but also the quality of crops ([@R109]). Inspired by this kind of idea, researchers have recently attempted to promote the Cd phytoextraction potentials of some plants via optimizing the harvest timing for these species ([@R74]; [@R91]; [@R117]; [@R178]). Based on the obtained results, several general recommendations that may be useful to further improve Cd phytoextraction in the future can be proposed as follows. First, for deciduous plants, harvest before leaf-fall occurring would be required to attain the peak % Cd removals, as the amount of Cd extracted by leaves may account for \>50% of the total removed by the shoots ([@R117]). Second, for annual plants, harvest at flowering stage is a recommended option because plants often reach their maximum biomass and accumulate relatively high amounts of Cd in their shoots at this time point ([@R106]; [@R178]). More importantly, this approach would make another harvest possible ([@R179]). For example, [@R178] demonstrated that by harvesting the shoots of *Solanum nigrum* at its flowering stage twice a year it was possible to increase the Cd extraction efficiency of this plant by 75% compared with that of a single harvest at its maturity stage. Third, for perennial plants (especially trees), harvesting can be done at the end of the second growing season, as these plants tend to display a relatively higher annual % Cd removal in the first two growing seasons than in other years thereafter ([@R91]; [@R117]).

### A Realistic Choice: Development of Phytoextractor--Crop Rotation Systems {#s20}

For continuous phytoextraction, targeted agricultural land has to be removed from food production for years or even decades ([@R38]). This is a critical reality that still requires considerable further attention, especially considering that the increase in food demand due to population growth is now a great challenge in many parts of the world ([@R51]). In such a context, development of phytoextraction--crop rotation systems should be a more realistic choice for most developing countries. However, the rotation interval will certainly depend upon several specific scenarios, such as the identity of plant species available and some major physical-chemical characteristics of the soil targeted. More fundamental studies are needed to help to establish efficient phytoextraction--crop rotation systems in the future.

5.2 How to Cut the Cost of Cd Phytoextraction? {#s21}
----------------------------------------------

Phytoextraction has been highlighted as a low-cost technology since it emerged in 1980s ([@R33]), but there is no doubt that considerable efforts are still needed to cut the cost of Cd phytoextraction. In general, the cost of Cd phytoextraction includes the expenses of plant material, fertilizer, water, labor, and disposal of harvested Cd-rich plant material. As shown subsequently, there are some potential means that may be useful to reduce these costs.

### Development of Micropropagation Systems for Phytoextractors {#s22}

A vital prerequisite for phytoextraction practice is to obtain enough seedlings of phytoextractors. However, there is evidence that some potential phytoextractors are often difficult to propagate. This is especially the case for some Cd hyeraccumulators, which have narrow geographic distribution and produce limited seeds having a very low germination capacity ([@R34]; [@R193]). Given that micropropagation is an economical and effective method to produce a large number of plant seedlings ([@R155]), development of micropropagation systems for candidate phytoextractors should be a good option to reduce the expense of preparing plant material. This idea has recently received increasing attention. For example, the micropropagation systems for *A. halleri, T. caerulescens*, and *S. alfredii* have been successfully established and it has also been demonstrated that the micro-propagated seedlings retain their ability to hyperaccumulate Cd ([@R34]; [@R193]; [@R203]).

### Enhancing Fertilizer and Water use Efficiency of Phytoextractors {#s23}

This approach has so far been seriously ignored. However, it may be possible to significantly reduce the relevant cost elements, particularly in arid and semiarid areas. Although many promising strategies for improving fertilizer and water use efficiency have been proposed, the two following appear to deserve more attention: (a) fertigation, a technology combining fertilization and irrigation to maximize the synergy between the two agricultural inputs ([@R136]), and (b) improving root-zone microenvironment with mulch, which can reduce fertilizer leaching and water evaporation, and is also helpful to control some weeds and pests ([@R5]).

### Establishment of Mechanical Planting and Harvesting Systems for Phytoextractors {#s24}

Planting and harvesting phytoextractors by hand are especially labor intensive. Nowadays, however, except for some *Salix* species ([@R127]), potential candidate plants for Cd phytoextraction do not have commercial mechanical planting or harvesting systems. This issue should be addressed in future studies to reduce the labor costs. More studies are also needed to test whether the candidate phytoextractors can regrow from the cut stumps and then if possible determine how many successive harvests a single planting may permit.

### Making the Best use of Harvested Cd-Rich Plant Materials {#s25}

It has been proposed that the harvested Cd-rich plant materials associated with Cd phytoextraction may be disposed by incineration or pyrolysis, both of which allow the recycling of bottom ashes as fertilizers ([@R80]). There is still a possibility that they can be used for production of bioenergy, paper, chip board, extruded trim, and so on ([@R95]). Future researchers should therefore address these potential usages to gain some income that may offset a fraction of the expense for disposal of the Cd-rich plant materials.

5.3 How to Get Greater Stakeholders' Acceptance of Cd Phytoextraction? {#s26}
----------------------------------------------------------------------

It is less acknowledged that the low stakeholders' acceptance is another important factor limiting the development of Cd phytoextraction ([@R139]; [@R170]). The apparent cause of stakeholders' unwillingness to accept Cd phytoextraction as a reliable option is the expected long remediation period due to the relatively low annual % Cd removal of available plant candidates ([@R38]; [@R169]), but the real cause is an uncertain economic viability of this technology ([@R138]; [@R139]; [@R170]). Up to now, it is still difficult to make accurate cost estimates for Cd phytoextraction schemes due to the lack of successful implementation of Cd phytoextraction ([@R25]; [@R87]), although [@R141] claimed that an estimated cost of phytoextraction (US\$100,000 per hectare) accounted for only about one tenth of those of competing technologies such as soil removal and capping. According to [@R139], in its pure form, Cd phytoextraction is presently a nonprofitable technology. However, there is evidence showing that Cd phytoextraction in combination with a profit-making operation could be an economically attractive option ([@R138]; [@R166], [@R165]). Such an argument does not necessarily prevail with stakeholders. To get greater stakeholders' acceptance, it is important to make stakeholders (i.e., government, land\'s owner, legislator, the public, funding agency, and land remediation company) realize that (a) the productivity or exploitability of land remediated by phytoextraction will be greater than that using nonbiological technologies, (b) in the long-term, phytoextraction may present greater social or environmental benefits than economic ones, and (c) similar to other technologies, Cd phytoextraction will take time to mature.

5.4 Phytoextraction Versus Phytostabilization {#s27}
---------------------------------------------

In conclusion, the progress achieved in the past decade has made Cd phytoextraction more efficient than ever before, although this technology is not yet ready for widespread application. It is time to consider to usher this technology into practical use to remediate slightly to moderately Cd-contaminated soils, especially those contaminated only by Cd, considering that most of the encouraging results from field trials ([Table 5](#T5){ref-type="table"}) have been obtained in soils contaminated only by Cd at slight to moderate level (in most cases, soils with \< 5 mg Cd kg^−1^). In reality, there are a large number of cases where other contaminants (inorganic or organic) may be present at high concentrations in Cd-contaminated soils ([@R38]). The presence of cocontaminants tends to lower annual % Cd removal by phytoextractors through prohibiting plant growth or reducing Cd uptake, thereby extending the period of Cd phytoextraction ([@R47]). Furthermore, supplementary specific remediation schemes are probably needed to remove the cocontaminants, as there are few plant species that can (hyper)accumulate more than one contaminant ([@R111]). For such cases and those soils heavily contaminated by Cd, phytostabilization, in situ immobilization of contaminants using plants, is an applicable alternative to phytoextraction ([@R3]; [@R47]; [@R170]).
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